. The schematic view of the experimentation setup for measuring the dynamics of drug release of the TSL drug delivery system. Solution with TSL entrapping Doxorubicin is pumped through the capillary tube mounted on the heated Peltier element. Since fluorescence of released drug is larger than that of TSL-encapsulated drug, fluorescence imaging allows measurement of drug release as TSL solution flows along the capillary tube.
Abstract-
Temperature sensitive liposomes (TSL) are a promising type of nanoparticles for localized drug delivery. TSL typically release the contained drug at mild hyperthermic temperatures (40-42 ºC). Combined with localized hyperthermia, this allows for local drug delivery. In vitro characterization of TSL involves measurements of drug release at varying temperatures, but current methods are inadequate due to low temporal resolution of ~8 -10 seconds. We present a novel method for measuring the drug release with sub-second temporal resolution. In the proposed system, the TSL entrapping the fluorescent drug (Doxorubicin) are pumped through a capillary tube. The tube is rapidly heated to a desired temperature via Peltier element. Since fluorescence increases as drug is released from TSL, drug release kinetics can be measured via fluorescent imaging. By fitting exponential models, we calculated the time constants of drug release at temperatures of 39.5, 40.5 and 41.5⁰C were about 6.09, 2.06 and 1.03 seconds, respectively. Our initial tests show that the developed system can measure TSL release at subsecond resolution, and thus allow adequate in vitro evaluation of TSL formulations.
I. INTRODUCTION
Temperature sensitive liposomes (TSL) are a promising category of nanoparticles (~100-200 nm) for targeted drug delivery. TSL typically release the contained drug above ~40 ºC [1] [2] [3] [4] [5] . Combined with localized hyperthermia, TSL allow locally targeted drug delivery to tissue regions exposed to elevated temperatures [3, 6, 7] . A specific TSL formulation filled with the chemotherapy agent doxorubicin is currently being evaluated in Phase II/III clinical trials [8] .
Recent studies demonstrate that drug release from TSL triggered within the vasculature, with the drug taken up by tissue following release, is the dominant delivery mechanism [6, 9] . Since blood (and thus TSL) only remain within the vasculature of the heated tissue region or tumor for a couple of seconds [10] , TSL need to release the contained drug within seconds to be most effective. Unfortunately, currently employed methods for measurement of TSL release cannot measure release at such short time scales, with first release data point typically reported after only 8-10 seconds [4, 5] , or even minutes [1, 3] . Thus, current methods are not adequate for in vitro evaluation of TSL formulations.
Here, we present a method for measuring release dynamics from TSL within the first few seconds, with temporal resolution <<100 ms. Such a method will allow adequate evaluation of different TSL formulations to optimize release kinetics, which is not possible with current methods. The presented method is based on a prior method that used a fluorescence microscope [11] and was improved for use with a fluorescence imaging system.
II. MATERIALS AND METHODS

A. Experimentation Setup
A schematic view of the experimentation setup is shown in Figure 1 . For measuring the temporal dynamics of TSL drug release, the TSL-drug (doxorubicin) solution is pumped by a peristaltic pump through a capillary tube made of quartz glass (quartz capillary, outer diameter 500 µm, 10 µm wall thickness, Hampton Research). The capillary tube was glued to a copper plate (to ensure spatially uniform temperature), which was mounted on the hot side of a Peltier element (3x3 cm). Due to the small diameter capillary, liquid will heat rapidly to the target temperature the Peltier element is pre-heated to. Once the TSL-drug solution reaches target temperature, drug is released from TSL. Since drug fluorescence is quenched when drug is inside TSL, the drug release results in an increase in fluorescence as the TSL solution flows within the capillary tube. I.e. fluorescence increases along the capillary as the solution is exposed for longer duration to heat. Based on known flow velocity, drug release versus time can be measured based on fluorescence intensity along the capillary tube.
The peristaltic pump provides a flow rate between 1 and 10 mm/sec. The Peltier element temperature was controlled via LABVIEW software based on a PID controller. The employed Fluorescence imaging system the Maestro 2 in vivo imaging system (Caliper Life Sciences Company) with the software platform Maestro EX 3.0.
1) Temperature Control System
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The temperature controller was implemented in LABVIEW environment as shown in Figure 2 . The TSL-drug temperature is measured by two thermocouple probes (Ttype) placed on the Peltier element, and connected to the Agilent 349707A data acquisition system. A USB link was set up between Agilent 34970A and the computer. The PID controller calculated the desired voltage between 0 and 10V and sent it to a programmable power supply (PSP2010 by GW-instek) through serial bus (RS-232). The constancy of the temperature was here much more important than overshoot or undershoot effects. Therefore, a PID controller (Proportional-Integral-Derivative) was implemented in LABVIEW according to following equation:
where K P , K I , and K D are the proportional, integral and derivative PID control parameters respectively. Also, e(t) and v(t) represent the error signal and control voltage, respectively. To determine the optimal control parameters, the Ziegler-Nichols method was used [12] . In addition to accurate temperature control, uniformity of temperature along the capillary tube is important. Spatially uniform temperature (<0.3 ºC variation confirmed by infrared imaging (data not shown)) was achieved by attaching a copper plate (1 mm thick) to the Peltier element.
2) Imaging Procedure
Fluorescent materials include biological and natural materials which rapidly give off light of a particular wavelength when exposed to light of another wavelength. Fluorescence imaging systems collect and register the emission light after illuminating the region of interest. Here, the Maestro 2 fluorescence imaging system (Caliper Life Sciences Company) was used to image the capillary tube. The excitation light wavelength was 523 nm (green). The emission light was filtered (560 nm longpass), and spectra (560-750 nm) were stored and analyzed. The goal was to acquire an image of the capillary tube, and determine fluorescence along the tube to calculate % drug release. After the Peltier element reached the target temperature (39.5, 40.5, or 41.5 ºC), the pump was started to achieve ~3 mm/sec flow velocity within the capillary tube. Once a steady-state condition was reached, an image was obtained (200 ms exposure).
B. Image and Data Analysis
The principal objective of the proposed system is to measure the temperature dependence of drug release rate. Thus, the images were analyzed to estimate the drug release percentage at each point along the capillary tube. The process occurred in two stages: image analysis and drug release estimation. The first part included image processing and analysis techniques for extracting the fluorescent signal along the capillary length from the raw fluorescence images. The image processing steps are shown in Figure 3 . The input images are a sequence of 20 images, one for each emission wavelength (16 bit resolution). After selecting the image at the wavelength of maximum emission intensity (here at the wavelength of 610nm), preprocessing steps were applied including contrast enhancement, segmentation of tube, rotation and low pass filtering (orthogonal to flow direction). The image processing steps were carried out in the ImageJ V1.50 software [13] . Finally, the fluorescent signal intensity along the length of the capillary tube was obtained as a function of distance (starting, where the TSL solution enters the heated plate). The distance dependent fluorescent signal was mapped to the time domain through a space-time look-up table. This look-up table was created based on calibration measurements with dye, where arrival time was measured along the capillary tube. This was necessary as the capillary tube diameter and flow velocity vary along the tube length. The fluorescent signal was normalized to capture the drug release in percent, and compared between different temperatures. Using nonlinear curve fitting, the fluorescent signals were fitted to the following exponential equation: To determine temperature along the tube and quantify time required to obtain target temperature at the tube entrance of the heated section (see Fig. 4 ), we pumped a temperature sensitive fluorescent dye (Sulforhodamine B Sodium solution, 1.2 mg/ml) through the tube while imaging at same excitation and emission wavelength as noted.
v(t) = K P .e(t) + K I . e(τ )dτ
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C. Liposome preparation
The thermosensitive liposomes loaded with doxorubicin were prepared according to Needham et al. [1] with slight modifications. The phospholipids 1, 2-DiPalmityol-snglycero-3-PhosphoCholine (DPPC), 1,2-DiStearoyl-snglycero-3-PhosphoEthanolamine-N-PEG2000 (DSPEPEG2000) and Mono-Stearoyl-PhosphatidylCholine (MSPC) were obtained from Avanti Polar Lipids. Doxorubicin was purchased from EDQM. All other chemicals were purchased from Fisher Scientific unless specified. The lipids DPPC: MSPC: DSPE-PEG2000 were dissolved in the ratio of 85.3:9.7:5 in chloroform. The liposomes were prepared by lipid film hydration and extrusion method at 60°C (Thermobarrel extruder, Northern lipids, Canada). Filters with the pore size of 100 nm were used for extrusion of liposomes, and TSL were passed 5 times through the extruder. Loading of the liposomes was carried out with a citrate based pH-gradient Doxorubicin loading model with Doxorubicin to lipid ratio being 1:20. Briefly, 300 mM citrate pH 4 was inside liposome and Phosphate buffer saline pH 7.4 was outside the liposome. Mixture of TSL and Doxorubicin was incubated at 37°C for 1 hour. Liposomes were diluted 1:100 in Phosphate Buffered Saline (PBS) prior to use.
III. RESULTS
A. PID Control calibration
The temperature control system should be adjusted so that the desired temperature is obtained without any fluctuation or considerable overshoot. The PID parameters were obtained as follows. Firstly, a proportional control was applied to the control system. The larger the proportional coefficient, the more overshoot the output temperature exhibits. The output temperature begins to fluctuate at a critical coefficient (Kp=5.0) with the critical period of 12sec. Using those critical values, the PID parameters at the case of no overshoot according to the Ziegler-Nichols method are shown in Table 1 [12] . This was verified in practice by applying different PID control coefficients and monitoring temperature, as shown in Figure 5 . These tests confirmed adequate performance using the proposed PID controller parameters. Figure 4 shows a sample fluorescence image at 610 nm emission wavelength after preprocessing. This image shows the fluorescence change due to drug release from TSL. Our studies with temperature sensitive dye demonstrated that it takes about 1 s for fluid to reach target temperature after entering the heated tube section (data not shown).
B. Fluorescence imaging
C. Normalization and Interpolation of Fluorescence signal
Following image processing of data in Figure 4 and mapping of tube length to time as described, fluorescence intensity data were normalized to obtain % of drug released. It was assumed there is no drug release at t=0 (as TSL solution enters heated region), and 100% release after 8 s at 41.5 ºC based on prior data [4] . The normalized data for each temperature was then fitted to an exponential model (Equation 2). The fluorescence signals for each temperature as well as fitted curves are shown in Figure 6 .
D. Drug Release Time Constant
The drug release time constant was obtained from the exponential model fit (Equation 2) of the normalized data (i.e. drug release in %, right-hand axis of Fig. 6 ), and is shown for each temperature in Table 2 .
IV. DISCUSSION
In most current TSL release measurement methods, a cuvette filled with plasma or buffer (typically ~1-3 ml) is prewarmed to desired temperature where release is measured (~37-45 ºC), subsequently adding a small volume (~50 µl) of TSL solution under stirring [4, 5] . Fluorescence of the sample is then measured and, since drug fluorescence is A recently proposed system addresses this limitation [11] , and the described system is based on this prior system with some modifications. Importantly, the prior system used a microscope that required acquisition of multiple images to cover the whole capillary length, while the current system acquires the whole capillary in a single image exposure. This simplifies acquisition, as well as image processing. The new approach was shown to be capable of capturing the dynamics of drug release from the TSL with sub-second resolution (Fig. 6) . The tiny diameter of the capillary glass tube ensured rapid heating (within ~1 s) and a homogeneous temperature along the entire capillary (Fig. 4) .
The PID temperature controller performed adequately. The results show that TSL release rate increases with temperature (Fig. 6 ). Based on these measurements, we were able to determine release time constants for different temperatures (Table 2) . Release in Fig. 6 is evident starting after ~1 s, which corresponds to the time required for fluid to reach target temperature after entering the heated tube section; we quantified this heat-up time via studies with temperature sensitive fluorescent dye. This time delay likely will result in inaccuracies in the estimated release time constants.
As earlier studies have shown that intra-vascular drug release from TSL is much more effective than release within interstitial space [6, 9] , and since TSL pass a heated tumor within a few seconds (=tumor transit time), our results suggest that the evaluated TSL formulation releases sufficiently fast above 41.5 ºC for effective drug delivery.
V. CONCLUSION
We developed a novel setup that allows measurement of release of fluorescent drugs from TSL, and demonstrated ability to measure release at sub-second resolution. The proposed setup allows adequate in vitro evaluation of rapidrelease TSL formulations.
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